Di-ethyl 2-hexylphosphoric acid (di-2 EHPA) was chemisorbed on kaolinite and smectite in decane solution. The resultant isotherms were of the Langmuir type and made possible the determination of limiting adsorption values of 12 mg/g and 23.8 mg/g on H+-kaolinite and H+-montmor/llonite, respectively. The acidic phosphoric group of the di-2 EHPA molecule reacted in the anionic form (RO)~PO2-with the surface cations of the clay structures. Theoretical calculations, based on structural considerations, are in agreement with the experimental data and show that adsorption took place at the rate of one alkylphosphate anion per surface cation if the phyllosilicate was dioctahedral (e.g., montmorillonite and kaolinite). If the phyllosilicate was tdoctahedral (e.g., hectorite), adsorption took place at the rate of two di-2 EHPA molecules for three surface cations. Spectroscopic investigations performed with visible, ultraviolet, and infrared radiation confirmed the formation of salts or surface complexes.
INTRODUCTION
Uranium is concentrated from many ores by means of solvent extraction using pulp processes. This technique consists of a counter-current circulation of pulped ore and an organic solution, containing an organic extractor, such as bis-ethyl 2 hexylphosphoric acid (di-2 EHPA). Clay minerals, such as kaolinite, illite, beidellite, and montmorillonite which constitute the fine-grained part of the ore, have a tendency to fix large proportions of the extractor, depending upon their surface properties (Bathellier and Madic, 1973; Thoumsin and Troch, 1973; Lucas and Ritcey, 1975) . The interaction of the extractor phase and the clay minerals gangue is therefore of prime importance. The present work discusses the adsorption of di-2 EHPA on kaolinite and smectite.
MATERIALS AND METHODS

Materials
Di-2 EHPA has the following structural formula: It is capable of extracting heavy cations by forming soluble complexes in organic solvents. Di-2 EHPA, tagged with 1 ~2 or C 14, was used in normal decane solution at
Copyright 9 1981, The Clay Minerals Society concentrations from 0.025 to 0.250 N (8.06 to 80.6 g/ liter). The quantity irreversibly fixed on various clay minerals was determined by scintillation spectrometry (beta counting), using a Packard spectrometer of the PRIAS type. Crude kaolinite from Ploemeur in French Brittany, "KL" montmorillonite from Greece, and hectorite from California were boiled with hydrogen peroxide to destroy organic matter and treated with 0.05 N HCI to dissolve iron and aluminum hydroxides and to remove carbonates. The products were shaken 3 times with 0.5 M NaC1 to exchange calcium for sodium ions. Dispersion was carried out in 1 N sodium citrate at pH = 7.3, and excess salt was washed away with distilled water (Robert and Tessier, 1974) . The <2-/zm fractions were recovered by sedimentation. H+-kaolinite and H § montmorillonite were prepared by repeatedly treating the Na-clays with 0.03 N HCI. Pulp extraction of uranium took place under acidic conditions (pH = 2), and therefore protons and AP + ions were the exchangeable cations of the clays. Table 1 shows the chemical formulae of the clays, as determined by elemental analysis and calculated by the method of Glaeser (1954) and Mauguin (1928) . Other properties of the minerals are shown in Table 2 . The interlayer spacing, d(001), was determined at room temperature and humidity. For the H+-montmorillonite this spacing was also measured after heating at 110~ and treating with ethylene glycol. Surface areas were determined by nitrogen adsorption after outgassing at 200~ Cation-exchange capacities (CEC) were measured by micro-Kjeldahl determination after exchange with ammonium cations. For the H+-montmorillonite, the Glaeser method, involving treatment by NaOH, was also used. The active surface hydroxyls were determined by exchange with fluoride anions at pH = 7 (ligand exchange on surface cations).
Clays and Clay Minerals
A celadonite from Iguala, Mexico, and a synthetic Ni-bearing hectorite prepared in the authors' laboratory (Siffert and Dennefeld, 1968) were used for spectroscopic studies.
Methods
One-gram portions of clay were stirred with 10 ml of n-decane solutions of di-2 EHPA for 24 hr at 20~ and centrifuged at 15,000 rpm for 10 min. One milliliter of the centrifugate was analyzed for di-2 EHPA by beta counting. The residual clay was washed and centrifuged successively with 10 ml of decane and 20 ml of distilled water for 24 hr at 20~ Both centrifugate liquids were analyzed for di-2 EHPA using 1 ml of the decane solution and 2 ml of the distilled water. The amount of di-2 EHPA was also determined on 50 nag of the clay after oven drying at 40~ for 48 hr.
The samples were washed with n-decane to recover the alkylphosphoric acid fixed by physical adsorption or trapping, whereas washing with water, besides removing the organic solvent, made it possible to recover a part of the di-2 EHPA still retained. The remaining alkylphosphoric acid is considered to be chemisorbed. Liquid samples were contained in 7-ml flasks of special glass. Permafluor scintillator, dissolved in toluene, was added to the organic phases (4 ml per ml of organic solution). Instagel, a partly water-miscible scintillator, was used during the analysis of aqueous suspensions. A stable, homogeneous gel formed instantly when 3 ml of Instagel was mixed with 2 ml of aqueous solution. The amount of di-2 EHPA adsorbed on clay was determined by dispersing 50 nag of clay in 20 ml of distilled Qi = initial di-2 EHPA; Q~ = retrieved in centrifugate; Q2, Q3, and Q4 = determined in decane and water centrifugates and on deposit obtained while washing solid residue, respectively; Qt = sum of Q1, Q2, Q3, and Q4.
water. This method of determination was checked for accuracy by drawing up a balance sheet for the adsorption of di-2 EHPA on H+-kaolinite and H+-montmorillonite (Tables 3 and 4 ). In these tables, Qlis the quantity of di-2 EHPA initially involved and corresponds to 10 ml of organic solution. Q1 is the quantity of alkylphosphoric acid retrieved in the centrifugate; Q2, Q3, and Q4 are the amounts determined in the decane and water centrifugates and on the clay deposit obtained during the washing treatment of the solid residue, respectively. Qt corresponds to the sum of Qz, Q2, Q3, and Q4; it is the total amount of di-2 EHPA retrieved during the various stages of the contact. Qt and Qt are very close in all instances, the quantity of alkylphosphoric acid involved being retrieved within 1.2%. Figure 1 shows the isotherms for di-2 EHPA adsorption on H+-kaolinite and H+-montmorillonite. The exchangeable cations were mostly AI 3 § ions, released by structure during acid treatment of the clays (Coleman and Craig, 1961) . In the absence of washing, adsorption increased with the molarity at equilibrium. Three quar- Equilibrium concentration (mole/liter) Figure 1 . Uptake of di-2 EHPA onto H+-kaolinite: A = without washing, O = after washing with n-decane, [] = after washings with n-decane and water; and onto H+-montmorillonite: 9 = without washing, 9 = after washing with n-decane, 9 = after washings with n-decane and water.
RESULTS AND DISCUSSION
Adsorption isotherms
ters of the di-2 EHPA uptake was recovered by washing with decane, and only 2% with distilled water. The remaining amount was probably chemisorbed (adsorption plateau). It is apparent that di-2 EHPA adsorption on clays in organic medium took place in two stages:
(1) chemisorption, wherein the uptake bore no relation to the molarity at equilibrium; and (2) physisorption, wherein di-2 EHPA molecules were adsorbed on those fixed during chemisorption. In the physisorption stage, bonds were weak, probably of the hydrogen type, and desorption was achieved by simple washing. On the other hand, di-2 EHPA fixed during the former stage formed strong chemical bonds with the mineral substrate and could not be desorbed by washing. Chemisorption was investigated in greater detail. Figure 2 shows the isotherms for di-2 EHPA adsorption on H+-kaolinite (a) and H+-montmofillonite (b), together with their linear transforms. The isotherms are "Ltype" shape, according to Giles et al. (1960) . The lim- iting values Xm, determined by using the Langmuir equation, is 12.0 mg/g for H+-kaolinite and 23.8 mg/g for H+-montmoriilonite. Difference in values may be due to the difference in surface of the two minerals. Indeed, the surface area of H+-montmorillonite (67.6 mS/ g) is much larger than that of H+-kaolinite (20.8 mS/g).
The limiting values of adsorbed matter are as follow:
H+-kaolinite: Xm = 0.58 mg/m ~ H+-montmorillonite: Xm = 0.35 mg/m 2.
The most probable explanation is that alkylphosphoric acid became fixed on the clays by bonding to surface A1. Thus, kaolinite adsorbed a larger quantity of di-2 EHPA per unit of external surface area.
Verification by means of structural arguments
Di-2 EHPA adsorption probably involved chemisorption on the cations of the octahedral layer. Initially, the adsorption was found to be exclusively external. The interlayer spacing, d(001), of montmorillonite was determined by X-ray powder diffraction. Di-2 EHPA organic solutions (0.1 and 0.25 M) were brought into contact with H+-montmorillonite which had been dried by (1) storing over P2Os at room temperature and under vacuum for 3 months, and (2) drying in an oven at 110~ for 72 hr. In both cases, the d(001) spacing was 9.82/~, a value at which the interlayer spacing is completely closed. Therefore, in the molarity range investigated (0.025-0.25 M), di-2 EHPA did not penetrate the interlayer spacing of the smectite. Accordingly, the adsorption was superficial and took place on the edge cations of the clay structure. An attempt was made to verify this hypothesis by correlating the experimental data with theoretical calculations founded on structural reasoning. Clay particles display on their edge surfaces positive charges located on surface cations, in the form of lattice faults. Most research workers concur that only the cations of the octahedral sheet need be taken into account (Theng, 1974) . Irrespective of their charge, these cations are hexacoordinated with oxygen and hydroxyl ions of the structure. However, at the surface of the crystals they are partly coordinated with OH-ions or H20 molecules that are not related to the layer and that are exchangeable. Each of the exchangeable ligands determines an adsorption position; the surface cation to which they are bound is called a site of adsorption. For simplicity, the clay particles can be assumed to be reduced to the thickness of an elementary layer. Thus, it is possible to determine the number of theoretical adsorption positions per unit cell. The elementary unit cell of the kaolinite used has an almost ideal composition, corresponding to (Si4)W(Al4)vto~0(OH)a. Eight exchangeable ligands, and hence 8 adsorption positions, exist at the surface of the elementary unit cell and are restricted to the octahedral sheet (Figure 3a ). An assemblage of 4 unit cells has 17 adsorption positions (Figure 3b) , whereas a particle consisting of 9 elementary unit cells contains 26 such positions. Thus, an assemblage of n 2 unit cells displays (9n -1) adsorption positions. If the surface of the unit cell is taken as the unit-edge surface, a particle consisting of n 2 unit cells will display an edge surface equal to n times that of the elementary unit. The number of adsorption positions per unit edge surface is, therefore, (9n -1)/n. This number approaches 9 when n becomes very large. At the same time, the number of adsorption sites (surface AI cations) is equal to 3 in the case of a unit cell, 7 in the case of 4 unit cells, 11 in the case of 9 unit cells, and, hence, (4n -1) for an assemblage of n 2 unit cells. For one unit-edge surface, this number is equal to: (4n -l)/n and approaches 4 when n is very large. Three hypotheses account for di-2 EHPA adsorption onto clays: (1) alkylphosphate occupies all adsorption positions, i.e., 9 molecules are adsorbed per unit edge surface; (2) the steric hindrance of di-2 EHPA is such that each adsorption site accommodates only two molecules of alkylphosphate; in this case 8 molecules are adsorbed per unit edge surface, and 89% of the adsorption positions are occupied; (3) the di-2 EHPA molecule is particularly bulky and can be taken up only at the rate of one molecule per adsorption site; in this case 4 adsorption positions are occupied per unit-edge surface, i.e., 44.5%. The number of edge hydroxyls determined by fluoride anion exchange is supposed to correspond to saturation of all adsorption positions (Table 2) ; it amounts to 75 x 10 -6 eq/g of kaolinite, i.e., 75 • 10 -8 quantities of di-2 EHPA fixed per gram of kaolinite were calculated by taking into consideration the three hypotheses mentioned above, on the assumption that an alkylphosphate anion (C~I-I34POc; 321 g/mole) is attached to an adsorption position. Table 5 summarizes this line of reasoning. In the first hypothesis, 75 x 321 x 10 -6 = 0.0241 g of di-2 EHPA are adsorbed per gram of clay. Comparison of the tabulated figures with the experimental value Xm = 12.0 mg/g measured on H+-kaolinite reveals that hypothesis (3) is in good agreement with the experiment. Accordingly, di-2 EHPA adsorbs on kaolinite at the rate of one alkyl- The foregoing theoretical calculation was applied to montmorillonite, with a view to confirming this result. MontmoriUonite displays a non-negligible substitution of Al by Mg in octahedral sheets. Accordingly, a study was performed in the first place on hectorite to assess the contribution of Mg in di-2 EHPA adsorption. The chemical formula of the Na-hectorite used is shown by Table 1 . Mg accounts for 90% of the cations in octahedral positions. However, the ideal composition of talc, (Si8)W(Mg6)vIO20(OH)4, was used to determine the theoretical adsorption number. Just as in the case of kaolinite, investigation of the atoms contained by the octahedral sheet (Figures 4a and 4b ) allows the number of the adsorption positions per unit edge surface to be estimated (Table 6 ). Taking once again the edge surface of the unit cell as the unit, the number of adsorption positions per unit-edge surface is 10. The corresponding number of surface magnesium atoms is (5n -1)/n, and approaches 5 when n is very large. Two hypotheses explain di-2 EHPA adsorption on hectorite: (1) alkylphosphate is fixed at the rate of one molecule per atom of surface Mg; in this case 50% of the adsorption positions are occupied;
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(2) such is the steric hindrance of the di-2 EHPA molecules that adsorption takes place as it comes about as though the phyllosilicate was dioctahedral; only 2,6 of the sites are active, thus, 89 of the adsorption positions appear to be filled. The number of adsorption positions on Na+-hectorite was calculated by considering the fluoride exchange reaction (Table  2) to be 208 • 10 -6 • A (A = Avogrado's number). The maximum theoretical quantities of di-2 EHPA chemisorbed according to the preceding hypotheses are shown in Table 7 . The di-2 EHPA uptake on Na+-hectorite Xm was calculated from the adsorption isotherm and its linear transform to be 20.3 mg/g ( Figure 5 ), a value in good agreement with hypothesis (2). Accordingly, di-2 EHPA also became fixed on Mg-clays, but in such a way that 3 ions of Mg accommodate only 2 alkylphosphate anions. From a structural standpoint, the uptake is similar to that observed on dioctahedral clays (i.e., kaolinite).
Similar calculations were made with Na+-montmorillonite which contains 80% of Fe z+ and AP + and 20% Mg z+ in octahedral positions (Table 1 ). The formula of pyrophyllite which allows no substitution (Sis) w 9 (Al4)vIo20(OH)4 was chosed for the sake of simplicity. The problem reduces to the case of kaolinite, where the numbers of adsorption positions (=9) and adsorption sites (=4) per unit edge surface are identical for both minerals. Taking into account the results for kaolinite and hectorite, di-2 EHPA adsorption can be assumed to take place at the rate of one alkylphosphate anion per adsorption site. Insofar as the chemical nature of the adsorption site (AP +, Fe z+ or Mg 2+) does not interfere, it follows that 44.5% of the adsorption positions are occupied. The number of adsorption sites calculated on the basis of fluoride anion exchange (Table 2) is equal to [(264 x 44.5) /100] • 10 -6 • A (A = Avogrado's number) and the di-2 EHPA uptake to 36.8 mg/g of montmofillonite. This result is in good agreement with the experimental curve (xm = 35.6 mg/g) shown in Figure 6 . Di-2 EHPA adsorption on Na+-montmorillonite thus takes place at the rate of one alkylphosphate anion per adsorption site. Agreement between theoretical and experimental data shows that for dioctahedral clays (kaolinite and montmorillonite), fixation occurred at the rate of one alkylphosphate anion per adsorption site and was not affected by the chemical nature of the site. For trioctahedral clays (hectorite), the rate was two alkylphosphate anions for three adsorption sites 9 Thus, alkylphosphoric acid appeared to form surface complexes involving ligand exchange reaction. Black (1943) , Mitra and Prakash (1955) , Wey (1953) , De (1961) , and Muljadi et al. (1966) reported similar results with inorganic phosphate anions 9 In addition, Kafkafky et al. (1967 ), Hingston et al. (1974 , and Parfitt (1978) showed that adsorption became irreversible if a bidentate complex involving surface Fe or A1 was formed. In the case of monovalent phosphate anion, a monodentate coordination complex could be expected and adsorption would be reversible. For di-2 EHPA, the number of adsorbed anions was either equal or lower to the number of sites. The complex formed must, therefore, be monodentate. It must also be stable in organic medium, as it could not be desorbed.
Visible and infrared spectroscopy verification
Visible spectrometry. Evidence for adsorption of alkylphosphate anions on the surface cations arranged in octahedral sheets was found by using two colored phyllosilicates containing Fe and Ni: celadonite and a synthetic Ni-bearing hectorite. Visible-light absorption spectra of these two clays are similar to those obtained with complexes of the type Mn § where M " § is a transition metal cation (Siffert and Ferrand, 1973; Sieskind and Siffert, 1972) . It was inferred from the absorption bands that the octahedral surrounding of the cation consisted of oxygen, hydroxyl, and even water molecules. Substitution of some of these ligands by alkylphosphate anions on the surface transition cations modified the surrounding of the cation, which brought about a shift of the absorption bands (change in the octahedral stabilization energy of the cation) (Schlafer and Gliemann, 1967). Only surface cations were involved in the diffuse-light technique used. The adsorption spectrum of celadonite (Figure 7 ) displays maxima at 13,660 and 11,260 cm -1 (735 and 888 nm). Following Mackenzie (1962) , these maxima were assigned to the transition 5T 2 ~ 5E of the ferrous cation. Celadonite treated with a decane solution of alkylphosphate yielded the spectrum in Figure 7 (curve 2). Maxima were observed at 13,790 and 11,470 cm -1 (725 and 872 nm), i.e., displacement took place toward lower wavelengths. These shifts displayed much the same energy, a result which is in agreement with the theory. Thus, di-2 EHPA became fixed on octahedrally arranged iron of the clay structure and replaced 02-and OH-ligands and possibly water.
Analogous experiments were performed with a synthetic Ni-bearing hectorite (Siffert and Dennefeld, 1968) . In this structure, Ni occupies the octahedral holes and is, therefore, located in a crystal field of oxygen and hydroxyl anions. Three transitions are permitted by the spin rule in the case of Ni, leading to the adsorption maxima ( Figure 8 ) at: 8970 cm-' (1115 nm) for the transition SA 2 --~ aT2, 15,150 cm -1 (660 nm) for the transition 3#, 2 ---, aT 1, 26,525 cm -1 (377 nm) for the transition aA 2 ~ ZTI(P ). These values are in good agreement with those reported by Siffert et al. (1972) and Sieskind and Siffert (1972) concerning the same synthetic clay. The three foregoing maxima are displaced to 9050, 15,270, and 26,665 cm -1 (1105,655, and 375 nm) respectively, i.e., to lower wavelengths when the hectorite was treated with a 0.25 M alkylphosphoric acid solution. If the energy is taken into account, these shifts are of the same order of magnitude. Accordingly, di-2 EHPA became fixed on the Ni edge ions of the clay structure. AI ions react with di-2 EHPA in the same manner as v 1ooo + Figure 11 . Infrared spectra ofH -montmorillonite: (1) pure;
(2) treated with di-2 EHPA.
